Introduction
Conservation of the genome needs to accommodate DNA processing and gene rearrangement whilst at the same time removing any abnormal lesions in DNA structure. The tumour suppressor protein p53 recognizes and responds to DNA strand breaks to trigger either cell cycle arrest and DNA repair, or apoptosis, as recently reviewed by Gottlieb and Oren (1996) . Since p53 may be unable to discriminate between physiological DNA strand breaks and pathological DNA strand breaks, regulatory mechanisms need to be superimposed on p53 during the cell cycle. Evidence is accruing that one such regulatory mechanism is the sequestering of wild-type p53 within the cytoplasm at times of potential physiological change in DNA structure. Middeler et al. (1997) have shown that p53 is subject to both nuclear import and nuclear export in a rapid, energy dependent manner. Nuclear export would relate to the inactivation of wild-type p53 by shuttling to the cytoplasm prior to S phase of the cell cycle (Takahashi and Suzuki, 1994) . Once in the cytoplasm, p53 may associate with cytoplasmic proteins and such association may play a role in regulation of p53 during the cell cycle. Mutant forms of p53 (mp53) associate with cytoplasmic stress proteins (Fourie et al., 1997; Whitesell et al., 1998) , with cytoplasmic anchorage of the stabilized mp53 being dependent on continuous protein synthesis (Gannon and Lane, 1991) . In contrast, cytoplasmic wild-type p53 co-locates with cytoskeletal actin ®laments (Katsumoto et al., 1995) and is rapidly turned over by the ubiquitin-proteasome pathway (Maki et al., 1996; Honda et al., 1997) . Thus, the integrated control of wild-type p53 may be in¯uenced by its turnover rate, the nuclear import/export of the p53 protein, and cytoplasmic interactions between p53 and other proteins. Here we show that wild-type p53 associates with cytoskeletal actin in a calcium iondependent manner, with a K d of *10 mM. This association may contribute to regulation of p53 in normal cells.
Results

p53 co-sediments with F-actin
Sedimentation of puri®ed p53 in the absence of actin con®rmed that it remains in the supernantant ( Figure  1 , lanes 1 and 2). We used co-sedimentation experiments to assay for ®lamentous actin (F-actin) binding by p53. In mixtures of p53 and 10 mM F-actin, the majority of the p53 was associated with the F-actin pellet (Figure 1, lanes 3 and 4) . p53 co-sedimentation with F-actin is calcium-dependent
We next asked if the binding of p53 to F-actin was dependent on free calcium ions. Two mixtures of Factin plus p53 were compared; one in F-buer containing 0.1 mM CaCl 2 ; the second in F-buer plus 1 mM EGTA to sequester all free calcium ions. Under these conditions the free calcium concentration is 90 mM (7EGTA) and 51 nM (+EGTA). The p53 co-sedimented with the F-actin pellet in the presence of calcium (Figure 2a , lane 1) but remained in the supernatant following F-actin sedimentation in EGTA (Figure 2a, lane 4) . Since divalent cations in the form of 1 mM magnesium were present in both mixtures, this result indicates that the binding of p53 to F-actin is calcium-speci®c. The presence of p53, and the presence or absence of free calcium ions, had no eect on Factin sedimentation. This is shown in Figure 2b where the Western blot of pellet and supernatant fractions of F-actin; of F-actin plus p53; and of F-actin plus p53 plus EGTA, have each been probed for actin.
Binding anity of p53 for F-actin
In view of the limited availability of the native conformation of p53 we monitored the binding of p53 at dierent actin concentrations ranging from 2 ± 20 mM using a ®xed concentration of p53 (210 nM), rather than saturation binding to F-actin. After centrifugation, the amount of unbound p53 (supernatant) and complexed p53 (pellet) was determined by densitometry of the immunoblot ®lms shown in Figure  3 . Similarly, the actin in pellet and supernatant fractions was quantitated by densitometry of Coomassie blue stained SDS ± PAGE gels. Controls contained p53 alone, or p53 plus 2 mM, or 10 mM, BSA. Figure 3c shows the binding plot: 50% binding occurred at 11 mM F-actin.
Experimental controls
Throughout these experiments we included controls to account for any non-speci®c association between p53 and actin due to protein trapping. Non-speci®c trapping of p53 in the actin pellets would depend solely on the volume of the pellets; in independent experiments thè volume' of the pellets was measured by weighing the tubes following removal of the supernatant: the calculated pellet volume equivalent was found to be 1 ± 2 mg (i.e. 1 ± 2% of the initial volume prior to sedimentation). Even after correction for trapping, the proportion of p53 within the F-actin pellet reached over 60% (Figure 3c ). Thus our experimental data re¯ects speci®c binding of p53 to F-actin. Moreover, the speci®city of binding between the two proteins was further con®rmed by its calcium-dependence.
The possibility of induced aggregation of the p53 protein was also tested. P53 did not sediment in the presence of monomeric actin (10 mM actin: gelsolin complexes) demonstrating that actin protein per se does not induce aggregation of p53 under the conditions of our experiments. Similarly we showed that p53 was not induced to sediment when mixed with bovine serum albumin (BSA: see Figure 3 , lanes 7 and 8). When in the absence of any other protein, some p53 protein bound to the ultracentrifuge tube, giving a background p53 signal in the pellet preparation after sedimentation and removal of the supernatant fraction (e.g. Figure 3a , lane 6). This background binding was completely blocked by the presence of 2 mM BSA (see Figure 3a , lane 7). Thus, the p53 associated with the pelleted F-actin mixtures represents direct association of p53 with the F-actin (Figure 3a , lanes 1 ± 5).
Discussion
Our experiments demonstrate that p53 and actin interact physically at the protein level and that p53 binding to F-actin is dependent on the presence of free calcium ions. Despite the presence of 1 mM MgCl 2 , removal of calcium ions to below 1 nM resulted in loss of physical association between p53 and actin. We have taken care to exclude any artefacts from these results by controlling for protein trapping, protein aggregation, and protein binding to the tubes. The K d for p53-actin binding is similar to many other F-actin binding proteins (recently reviewed by Ayscough, 1998) . Ideally, we would have used higher concentrations of p53 to measure this binding anity, but the concentrated p53 was found to spontaneously aggregate and thus could not be used. Fresh preparations of baculoviral p53 were used in our experiments, being the best source of native p53 protein: this was Histagged to allow puri®cation. We have no reason to suspect that the His tag in¯uenced our results since there is no evidence that a histidine tag causes association of proteins with F-actin. Moreover, the His-tagged p53 protein is functionally competent (Molinari et al., 1996) . The presedimentation of p53 at 390 000 g ensured that any aggregates which might have pelleted at 190 000 g were removed prior to addition to the actin. Thus, pelleting of the F-actin at 190 000 g was speci®c for F-actin and any actin-bound p53 molecules, since our controls showed that the presence of actin in monomeric form did not induce spontaneous aggregation of p53.
By using a direct approach to determine p53-actin binding at the molecular level, our data is intrinsically con®rmed once possible artefacts are excluded. This contrasts with attempts to identify protein-protein interactions by electron microscopy where apparent associations may be indirect. For example, colocalization of tsp53 and intermediate ®laments by immunogold labelling is interpreted as an indirect association mediated by a linker protein (Klotzsche et al., 1998) . It has recently been recognized that p53 modulates expression of the actin gene family. Sequentially activated gene transcript pro®les suggest that wildtype p53 down regulates g actin, tubulin and HSP70 gene expression (Madden et al., 1997) and Guenal et al. (1997) have found that b and g actin genes are down-regulated during p53-mediated apoptosis. Others (Comer et al., 1998) have reported that p53 stimulates a-actin promoter activity, suggesting a role for p53 in cytoskeletal organization. At the protein level, indirect evidence for p53-actin interactions comes from the ®nding that actin ®lament disruption leads to p53 activation (Rubtsova et al., 1998) . Our own data demonstrates a direct interaction between p53 and F-actin which is subject to regulation by calcium.
Materials and methods
Protein preparations
Recombinant murine p53 was prepared as described in Molinari et al. (1996) . Sf9 insect cells were infected with high titre recombinant baculovirus and harvested three days later. After washing, the cells were lysed in 5 ml lysis buer (150 mM Tris-HCl at pH 9.0; 150 mM NaCl; 0.5% NP40; 10% glycerol; 1 mM PMSF; 50 mg/ml aprotinin; 50 mg/ml leupeptin; 10 mg/ml pepstatin A; and 5 mM DTT). The lysate was centrifuged at 20 000 r.p.m. for 30 min at 48C before loading onto a 0.5 ml nickel NAT agarose column (Qiagen inc) prewashed with lysis buer pH 7.0. The column was washed with an excess of lysis buer and step eluted with 0.5 ml aliquots of elution buer (50 mM NaCl, 10 mM Tris-HCl at pH 7.0; and 5 mM MgCl 2 ) containing increasing concentrations of imidazole (50, 100, 150, 250 mM). The second and third elutions with 250 mM imidazole were used for analyses. Imidazole was removed using Centricon-10 cartridges (Amicon) by washing with imidazole-free elution buer. SDS ± PAGE and silver staining showed a single band corresponding to p53. Immunoprecipitation of the puri®ed p53 protein showed that it was reactive with monoclonal antibodies 1620 and 246 but not 240, giving binding characteristics of wild-type p53 conformation (Milner et al., 1991) .
Actin was prepared from rabbit skeletal muscle by established methods (e.g. Taylor and Weeds, 1976; Pope et al., 1994) with puri®cation by a second cycle of polymerization/depolymerization. Coomassie blue stained SDS gels of concentrated actin preparations showed no contaminants. The puri®ed actin was stored as ®lamentous (F)-actin in Fbuer containing 10 mM Tris-HCl pH 8.0, 1 mM MgCl 2 , 100 mM NaCl, 0.1 mM ATP, 0.2 mM DTT, 3 mM NaN 3 and 0.1 mM CaCl 2 . Under these conditions the free calcium concentration is 90 mM (no EGTA) and 51 nM (+1 mM EGTA). The actin concentration was determined using an A 290 =1.0 cm 71 =38 mM (Houk and Ue, 1974) .
Sedimentation assays
Prior to each sedimentation assay the p53 was precleared to remove any aggregated protein by centrifugation at 100 000 r.p.m. (390 000 g) in a Beckman TLA100 ultracentrifuge for 20 min at 208C. Assays were performed in 250 ml ultracentrifuge tubes which had been preblocked with 0.1% bovine serum albumin (BSA) in F-actin buer followed by rinsing in F-actin buer. In most experiments, 50 ml of 10 mM F-actin in F-actin buer was added to each sedimentation tube before gently mixing in 50 ml precleared p53. The mixture was left to stand at 208C for 20 min before pelleting at 70 000 r.p.m. (190 000 g) for 20 min at 208C. Supernatants were carefully removed to a clean tube and 20 ml of SDS gel buer was added to both supernatant and pellet. In addition, 98 ml of F-actin buer was added to the pellets (pellet volume *2 ml) to bring both the supernatants and pellets to equivalence for subsequent SDS ± PAGE and Western blot analyses. In some experiments a ®xed concentration of p53 was added to a range of actin concentrations (2 ± 21 mM). Controls included p53 alone; F-actin alone; p53 mixed with BSA in place of Factin; and p53 mixed with monomeric actin which was prevented from polymerization by the presence of equimolar human gelsolin (prepared as described by Pope et al., 1997) .
Six microlitre aliquots of supernatants and pellets were run on SDS ± PAGE 1 mm thick gels and stained with Coomassie blue. In addition, 1 ml aliquots of pellet and supernatant samples were run on SDS ± PAGE using homogeneous 12.5% acrylamide gels (Pharmacia LKB Phast system) followed by Western blotting onto polyvinyl di¯uoride membranes. P53 protein was detected by monoclonal antibody reactive with the 240 epitope (core domain; mouse mab240 which becomes exposed upon denaturing in the lysis buer) and actin was probed with rabbit anti-actin (Sigma A2668). The blots were developed with horse radish peroxidase linked rabbit antimouse Fc antibody (Sigma A01268) or goat anti-rabbit antibody (Sigma A0545).
The dissociation constant of p53 for F-actin was determined by titration of actin against p53. Assuming a 1 : 1 single site binding of p53 to actin, K d values were estimated from calculations of free and complexed p53 in the supernatant and pellet fractions respectively, taken from densitometry values of the Coomassie blue stained SDS ± PAGE gels and immunoblot ®lms (Molecular Dynamics computing gel densitometer). Molar equivalencies were determined from Coomassie blue stained gels assuming a linear uptake of stain for p53 as has been shown for actin and other F-actin binding proteins (Way et al., 1992) . Sedimentation of BSA plus actin mixtures allowed correction for non-speci®c protein trapping within the pellet (2%). BSA plus p53 mixtures were used to check for non-speci®c protein eects on p53 pelleting or aggregation: none was found (Figure 3, lanes 7 and 8) .
